Despite extensive use, information on the bioavailability of elemental iron powders to humans, as influenced by dose and other dietary constituents, is limited. Three experiments were conducted to assess the absorption of electrolytic iron powder relative to FeSO 4 , as affected by iron dose and by ascorbic or phytic acid. Iron absorption by 56 volunteers was measured from a farina cereal breakfast radiolabeled with Absorption of iron from the irradiated electrolytic powder was 5-15% that of FeSO 4 . Ascorbic acid (;160 mg) enhanced iron absorption from FeSO 4 by almost 4-fold but only doubled absorption from electrolytic iron (P for interaction , 0.01).
Introduction
Effective food fortification strategies are needed to combat the global problem of iron deficiency and its associated anemia. Although ferrous sulfate is a well-absorbed form of iron for dietary fortification or supplementation, it is associated with poor compliance in supplemental amounts, and with discoloration and reduced shelf life in fortified grain products (1) . Elemental iron powders are relatively economical, without adverse organoleptic effects on fortified foods, but their usefulness for fortification of agricultural products is uncertain because few bioavailability or efficacy studies have been conducted in humans.
Elemental iron powders are generally characterized by production method as carbonyl, electrolytic, or reduced iron, and are composed of relatively pure (.98% iron; zero oxidation state) metallic iron (2) . Compared with iron salts, the elemental iron powders have lower bioavailability for absorption, which is directly associated with their lower solubility and surface area (3) (4) (5) (6) (7) . Human absorption of iron from such powders is difficult to assess because powders prepared for research using iron isotopes do not have the same physical characteristics as their commercial counterparts (8) (9) (10) (11) (12) (13) (14) (15) .
Isotopic labeling ( 55 Fe) of a commercial carbonyl iron powder by neutron irradiation yielded unexpectedly low measures of 5-20% bioavailability relative to 59 FeCl 3 used to label the nonheme iron of meals (16) . It was not clear whether those results indicated a low bioavailability of carbonyl iron or methodological difficulties with radiolabeling that changed the physical properties of the powder. However, radiolabeling by neutron activation yielded an electrolytic iron powder that was ;50% as bioavailable as ferrous sulfate in a pig model (17) . This is similar to the bioavailability of nonirradiated electrolytic iron tested in a hemoglobin repletion model with rats (7) . This similar bioavailability with 2 different models suggested that the same irradiated electrolytic powder may prove useful to evaluate the bioavailability of electrolytic iron in humans.
The objectives of this study were as follows: 1) to determine the human absorption of a commercially produced, subsequently irradiated electrolytic elemental iron powder, relative to ferrous sulfate; and 2) to assess how absorption of these iron sources is affected by ascorbic acid, phytic acid, and an increased iron dose.
Subjects and Methods
General protocol. Healthy adult men and premenopausal women were recruited to participate in a series of 3 randomized, blinded radiolabeled meal experiments. The 3 experiments, each in a 2 3 2 factorial design, measured iron absorption from ferrous sulfate or a commercially produced, subsequently irradiated (neutron activated) electrolytic iron powder with and without the following: 1) the enhancing effect of ascorbic acid from orange juice; 2) the inhibiting effect of phytic acid from wheat bran in the presence of ascorbic acid; and 3) an increased dose of added iron in the presence of ascorbic acid. Each experiment lasted for 29 The participants were recruited locally through public advertising. Women were not pregnant or breast-feeding. Participants were ineligible if they had had disorders affecting iron absorption and retention, had a hemoglobin ,120 g/L, had used iron supplements in excess of 20 mg/d during the past 6 mo, were using medication (with the exception of women taking hormonal contraceptives, used for at least the previous 6 mo), had any underlying disease, or had a BMI above the 95th or below the 5th percentile. The volunteers were asked to discontinue the use of any nutritional supplements for the study duration.
Healthy adult men and women (n ¼ 56) with a mean (6 SEM) age of 37 6 2 y (range: 21-65 y) and a BMI of 25.8 6 0.5 kg/m 2 (range: 20.1-33.7) completed the study. Male and female volunteers varying in iron status were admitted because the relative bioavailability among different diets is not affected by iron status (18) . The iron status (indicated by hemoglobin and serum ferritin) of subjects in each experiment is shown in Table 1 .
Iron sources. Electrolytic iron powder (A-131, OMG Americas), was provided to us by Dr. Kurt Zinn; in 1995-6, he prepared radiolabeled samples of the electrolytic iron powder by neutron activation and used them in 59 Fe absorption studies with pigs (17) . The iron powder was irradiated (University of Missouri Research Reactor, Columbia, MO) in vacuum-sealed quartz vials using a water bath to control the temperature at $37°C. The powder was held in the vacuum-sealed vials for 7-8 y, resulting in decay of 59 Fe and trace contaminants and leaving primarily 55 Fe activity (which has a half-life of 2.7 y). The irradiated electrolytic iron was used together with nonirradiated electrolytic iron from the same commercial batch to prepare the appropriate isotope and elemental iron doses for the test meals. To facilitate accurate weighing of individual doses, the electrolytic iron powders were homogenously mixed by repeated turning with powdered sugar. Uniform mixing was confirmed by measuring 55 Fe in multiple aliquots (n ¼ 8); doses administered were further confirmed by analysis of aliquots prepared when the isotope preparation was added to the test meals.
The iron source used for comparison was ferrous sulfate monohydrate (FeSO 4 ÁH 2 O: Crown Technology), which was radiolabeled with 59 FeSO 4 (NEN Life Sciences Products).
Labeled breakfast meals. For each 2 3 2 factorial experiment, test meals were randomized with the limitation that meals tested on consecutive days (d 1 and 2 or d 15 and 16) differed only in the iron isotope and its associated iron source. On each of these days, volunteers ate radiolabeled breakfasts at the Research Center in the morning, with fasting except for water for 8 h before and 3 h afterward. All test meals contained cooked, hot farina, prepared from 40 g dry unfortified farina, with 250 mL water followed by the addition of 120 g whole milk, 0.5 g salt, 14 g butter, and 24 g sucrose. In all cases, the fortification iron and associated isotopes were added to the farina before cooking. Additional variations are described for each experiment below. 6 Normalized to 23 mg/L serum ferritin (see text). 7 Phytic acid, 611 mg added as 10 g wheat bran.
2168 Swain et al. Fe from the irradiated iron, which provided #1.6 mg of the 3 mg total electrolytic iron). The 2 sources were tested with and without 180 g pulp-free orange juice (prepared fresh from frozen concentrate) containing ;60 mg endogenous ascorbate 1 100 mg added ascorbic acid, or ;160 mg total ascorbate. Because of the low absorption of electrolytic iron powder observed in this first experiment, the same ascorbate-fortified orange juice was added to enhance absorption from all meals in the subsequent 2 experiments. Experiment 2 (n ¼ 11) compared the absorption of the 2 forms of iron (3 mg added to each meal) with and without 10 g of wheat bran added to the farina and ascorbate-fortified orange juice test breakfast. By analysis, the wheat bran added 1.6 mg iron and 611 mg phytic acid to the meal. Experiment 3 (n ¼ 25) compared the absorption of the 2 forms of iron as affected by iron doses of 3 and 20 mg added to the farina and ascorbate-fortified orange juice test breakfast.
Measurements of iron absorption. Absorption of 59
Fe was measured by whole-body scintillation counting (19) Fe meal as a percentage of the initial wholebody activity 1-3 h after the meal. Corrections were made for background and physical decay. In a previous study (20) , the slopes of semilogarithmic whole-body retention plots from 2 to 4 wk after isotope administration were not different from zero, suggesting that iron excretion was minimal and that it was not necessary to correct for endogenous excretion of iron during the 2 wk after isotope administration.
Because the whole-body counter does not detect 55 where the isotope blood fraction was the isotope in 10 mL of blood, expressed as a fraction of the isotope administered. This formula used the average 59 Fe data from both 59 Fe meals consumed by each subject, applying the average fractional erythrocyte incorporation of absorbed 59 Fe for each individual. The whole-body counting method correlates well with methods using only blood incorporation (22) , which, in contrast to the present study, estimate total blood volume from body weight and height (23, 24) , and assume 80% erythrocyte incorporation of the absorbed isotope by all subjects.
Other blood and chemical analyses. In addition to its use in radioisotopic assays, blood taken at the time of the meals (d 1 and 15) was used to measure hemoglobin (CELL-DYN 3500 System; Abbott Diagnostic Division) and serum ferritin (Immulite ferritin, Diagnostic Products, which is standardized using the WHO 2nd International Standard 80/578). C-reactive protein was measured by nephelometry (Behring Diagnostics) to help detect serum ferritin concentrations increased by inflammation. No iron absorption measures were excluded from the final analyses due to inflammation.
The iron content of the elemental iron powders mixed with sugar was determined by inductively coupled plasma-atomic emission MS (ICP/ AES-MS; Optima 3100 XL; Perkin Elmer, Norwalk, CT) after digestion by dry ashing and heating with nitric acid. The iron content of the breakfasts was determined by ICP/AES-MS after digestion with concentrated nitric acid and 70% perchloric acid by method (II)A of the Analytical Methods Committee (25) . Analytical accuracy for iron was 98 6 7% using certified standard reference materials from the National
Phytic acid in the wheat bran was measured using the AOAC ionexchange method, assuming 6 mol phosphorus/mol phytic acid (26) .
Statistical and power analyses. Power analyses were conducted for each of the 3 experiments to determine the number of volunteers required to achieve ;90% power to detect significant (a ¼ 0.05) main effects and interactions, based on expectations that absorption of iron from ferrous sulfate would increase by 260% with ascorbic acid (27) , would decrease by 60% with phytate as wheat bran added to a high ascorbate meal (27) , and would decrease by 50% when the iron dose was increased from 3 to 20 mg/meal (28) . We estimated that the influence of ascorbic acid, phytic acid, or iron dose on iron absorption would be reduced by half with electrolytic iron, compared with ferrous sulfate. Variability was estimated from our previous work (29) . Volunteer recruitment allowed for 10% attrition.
Serum ferritin and iron absorption data were logarithmically transformed and geometric means are reported. Power curves were used to plot the relation between iron absorption and serum ferritin concentrations (after both variables are logarithmically transformed, power curves become linear relations). Absorption data were expressed as observed and, to facilitate comparison of results between studies, as normalized for subjects' iron status. The inverse relation between iron absorption and serum ferritin (when both variables are logarithmically transformed) was used to normalize iron absorption values (30) to a serum ferritin concentration of 23 mg/L, the iron status associated with 40% absorption of a reference dose (27) , as follows: lnðnormalized percentage nonheme iron absorptionÞ ¼ lnðpercentage nonheme iron absorbedÞ 1 lnðferritin in mg=LÞ 2 lnð23 mg=LÞ:
All statistical tests were conducted using PC/SAS software [version 9.1; SAS Institute (31)]. Unless noted otherwise, comments refer to observed iron absorption values. Each of the experiments was evaluated by repeated measures ANOVA with Tukey contrasts. There were no significant effects of meal sequence. P-values , 0.05 (two-tailed) were accepted as significant. Multiple regression analyses with tests for parallelism and common intercepts were used to evaluate the relation of absorption to iron status (32) .
Results
Effect of ascorbate (Expt. 1). Absorption of iron from the irradiated electrolytic iron powder was less than from ferrous sulfate (P , 0.0001), with and without ascorbate ( Table 1) . When ;160 mg ascorbic acid, an enhancer of nonheme iron absorption, was given with the breakfast meal, mean absorption of iron from the electrolytic iron powder approximately doubled, whereas iron absorption from ferrous sulfate increased nearly 4-fold (P , 0.0001, P for interaction , 0.01).
The subjects' iron status (serum ferritin) was inversely related to iron absorption; mathematical power curves, which become linear when both variables were logarithmically transformed (Fig. 1A) , were significant for 3 of the 4 meals. The differences among meals significantly affected the intercepts, but not the slopes of the 4 lines (Fig. 1A) . Thus, compared with those with higher iron stores, subjects with low iron stores absorbed more iron and had greater differences in the absolute amounts of iron absorbed among dissimilar meals. However, consistent with the parallel slopes, the bioavailability of electrolytic iron relative to ferrous sulfate (RBV, or relative bioavailability value, which is expressed as a ratio, rather than a difference) was not affected by iron status (Fig. 1B) . The food matrix influenced the relative bioavailability of the electrolytic iron powder. With the increase in ascorbic acid in the meal, the bioavailability of electrolytic iron relative to ferrous sulfate decreased from 14 to 6% (geometric means; P , 0.01 by paired t test of log-transformed data) because of the greater enhancing effect of ascorbic acid on the ferrous sulfate-, compared with the electrolytic iron-fortified meal (Fig. 1A) .
Effect of phytate (Expt. 2).
When wheat bran containing phytic acid was added to the breakfast, iron absorption from ferrous sulfate and the electrolytic iron powder decreased by 73 and 50%, respectively (P , 0.0001; Table 1 ). In contrast to the main effects of the iron source (ferrous sulfate . electrolytic) and phytic acid, the interaction was nonsignificant.
Although subject numbers were more limited in Expt. 2, iron absorption again tended to vary inversely with iron stores (significant for 2 of the 4 meals), with the type of meal significantly affecting the intercepts, but not the slopes of the lines (Fig. 2A) . However, the bioavailability of electrolytic iron relative to ferrous sulfate was unrelated to iron status, as tested either with or without added wheat bran, and was not significantly affected by the food matrix in Expt. 2 (Fig. 2B) .
Effect of increasing iron dose (Expt. 3). Compared with 3 mg, a 20-mg iron dose reduced the efficiency of iron absorption from ferrous sulfate from 9.3 to 4.6% (Table 1) , but did not significantly affect the poor iron absorption from the electrolytic iron powder (P , 0.0001 for interaction between iron source and dose; Table 1 ). Of course, increasing the dose of iron increased the total iron absorbed, from 0.3 to 0.9 mg from the meals fortified with ferrous sulfate, and from 0.02 to 0.14 mg from the meals fortified with electrolytic iron.
As in the other experiments, iron status was inversely related to iron absorption, and differences in the iron dose significantly affected the intercept, but not the slope of the lines in the regression model (Fig. 3A) . Although it was not affected by the iron status of the subjects (Fig. 3B) , the relative bioavailability of electrolytic iron was significantly greater (15 vs. 7%, P , 0.0001, by paired t test of log-transformed data) when tested with a 20-mg, rather than a 3-mg fortification dose, respectively. A dose-related change in the percentage iron absorption from ferrous sulfate, but not from electrolytic iron, accounted for this difference in relative bioavailability (Table 1 ) and likely reflected a partial saturation of intestinal absorption by the increased dose of the high-bioavailability ferrous sulfate.
Normalization of iron absorption for subjects' iron status. Observed iron absorption was normalized to express dietary bioavailability independently of subjects' iron stores and facilitate comparisons between these and other studies. Observed iron absorption values were normalized to a serum ferritin concentration of 23 mg/L, the iron status that is associated with 40% absorption of a reference dose (27) (see statistical methods). As anticipated, normalization of the iron absorption data yielded similar results for identical meals in experiments with different groups of volunteers. For meals with added ascorbate, no phytate, and 3 mg of iron as ferrous sulfate (Table 1) , the observed values of 16.2, 9.5, and 9.3% normalized to 27.4, 30.7, and 29.6% iron absorption, in the 3 experiments, respectively. For similar meals with electrolytic iron powder, the values were 1.0, 0.4, and 0.6%, normalized to 1.8, 1.3, and 2.0% iron absorption, respectively. These similarities corroborate the 
1). (A)
The legend for the 4 treatments is ordered from highest to lowest iron absorption. Iron absorption (n ¼ 20) was inversely related to serum ferritin, significantly fitting power curves for 3 of the 4 breakfast meals. These power curves, which are linear when both axes are transformed logarithmically (see inset to A), had significantly different intercepts for the different meals, but the slopes of the lines did not differ. (B) Consistent with the similar slopes for absorption, the bioavailability of electrolytic iron relative to FeSO 4 was independent of iron status. However, the RBV of electrolytic iron was significantly greater without than with ascorbic acid (geometric means 14 vs. 6%, P , 0.01 by paired t test) because of the substantial enhancement of iron absorption from ferrous sulfate with ascorbic acid.
validity of the normalization procedure to correct absorption measurements for differences in iron stores of subjects.
Discussion
Although electrolytic iron powder has been widely used as a food fortificant (9, 33, 34) , research addressing the bioavailability of this and other elemental iron powders has been limited, unfortunately, by difficulties in producing isotopically labeled powder with physicochemical properties identical to their commercially produced counterparts (9) . The electrolytic iron used in the present study, irradiated under vacuum seal and at lower temperatures than the low-bioavailability carbonyl iron irradiated by Hallberg et al. (16) , seemed promising for human testing because its 50% bioavailability (relative to ferrous sulfate) in growing pigs (17) was consistent with a 54% relative bioavailability of the nonirradiated commercial product as determined by hemoglobin repletion in growing rats (7) . Those results were also consistent with a relative bioavailability of 50-80% for an experimentally produced electrolytic iron tested in rats and humans (9), 65% tested with plasma appearance curves in humans (24) , and ;77% (35) in a human study that compared the efficacy of iron sources for increasing body iron. However, when tested in humans in the present report, the irradiated electrolytic iron was only 5-15% as bioavailable as ferrous sulfate (Figs. 1-3) .
Although not consistent with results using other bioavailability methods, this low bioavailability of the irradiated electrolytic iron is consistent with the low bioavailability observed with human testing of another irradiated powder, carbonyl iron (5-20% relative to extrinsically labeled nonheme food iron) (16) . Although the reason for this low iron bioavailability cannot be determined from the present data, we favor the possibility that the irradiation process altered the physical form and bioavailability of the iron powder. The limited quantity of irradiated electrolytic iron powder in our possession was insufficient to conduct physicochemical measurements. However, such measurements may not have revealed the problem. For instance, dissolution rates, which correlate well with the bioavailability of elemental iron powders for hemoglobin repletion of anemic rats (7), were similar between the irradiated and nonirradiated carbonyl iron samples tested by Hallberg et al. (16) . Although possible physical changes resulting from the irradiation of carbonyl iron were discussed (2) as an explanation for the low bioavailability observed by Hallberg et al. (16) , this has not been fully resolved. However, subsequent testing suggested much higher RBVs for (nonirradiated) carbonyl iron: 58% based on plasma iron appearance curves when added to wheat rolls (36) and 70% when used as a supplement to increase subjects' iron status (37) . The poor bioavailability of the irradiated electrolytic iron in the present study was not likely caused by oxidation or other chemical changes during the ;7-8 y of storage because these relatively pure elemental iron samples were vacuum sealed until use. However, we cannot completely rule out a possible influence of several years of storage for radioactive decay when comparing the present study with the pig study of Zinn et al. (17) . If irradiation is not a useful means of labeling elemental iron powders to measure human absorption, as the present low RBV values and those of Hallberg et al. (16) suggest, a combination of indirect or less sensitive methods must be used, including animal studies, small-scale isotopic simulation of 
2). (A)
The legend for the 4 treatments is ordered from highest to lowest iron absorption. As in Figure 1 , iron absorption (n ¼ 11) was inversely related to serum ferritin, significantly fitting power curves for 2 of the 4 breakfast meals. The power curves are linear when both axes are transformed logarithmically (see inset to A) with significant differences in intercepts, but not slopes of the lines. (B) Consistent with the similar slopes in (A), the bioavailability of electrolytic iron relative to FeSO 4 was independent of iron status. The RBV of electrolytic iron was not significantly affected by wheat bran in the meal (geometric means 6% with, and 5% without wheat bran, NS by paired t test).
commercial powders, plasma appearance curves, and ultimately, randomized controlled studies of changes in iron status.
Despite the low bioavailability of the irradiated electrolytic iron powder, the present results provide information on the influence of dietary modifiers of absorption, which may be applicable with less soluble forms of iron fortificants, such as the ''reduced'' iron powders (7, 36) or salts such as ferric pyrophosphate. The results suggest that modifiers of iron absorption, such as ascorbic acid and an increased iron dose, can have a smaller effect on the absorption of a poorly available, less soluble iron source, compared with a readily ionized and soluble form of iron such as ferrous sulfate. Specifically, the 4-fold greater absorption of ferrous sulfate with the addition of ;160 mg ascorbic acid was significantly more than the 100% greater absorption of the iron powder, and compared with 3 mg, the 20-mg dose reduced iron absorption from ferrous sulfate, but not from the iron powder (Table 1) . Consistent with the diminished enhancing effect of ascorbic acid on the absorption of electrolytic elemental iron of this study, a lower amount (15 mg) of ascorbic acid did not increase the absorption of a laboratory-prepared H-reduced elemental iron (13) . Although Hallberg et al. (16) found the that the RBV of irradiated carbonyl iron was unaffected by the addition of 25 or 50 mg ascorbic acid, they observed differences in RBV with different meal combinations, possibly caused by differences in gastric pH and gastric emptying time that could influence dissolution of the iron powder. Moretti et al. (38) found that the RBV of a micronized, dispersible ferric pyrophosphate fortificant also depended on the food matrix; consistent with the present study, the enhancing effect of ascorbic acid was less with the fortificant (ferric pyrophosphate) than with a ferrous sulfate control. The present findings indicate the importance of considering dietary factors and the dissimilar effects they may have on different forms of iron and, consequently, on measurements of relative iron bioavailability.
Although the efficiency of iron absorption was inversely related to iron status, the present investigation did not detect any relation between relative iron bioavailability (electrolytic/ ferrous sulfate) and body iron status (Figs. 1-3 ). This is consistent with other reports that relative bioavailability of iron from different food combinations is independent of body iron stores (18, 20, 39, 40) , including a study of 870 rural Venezuelan subjects in which one-third had low serum ferritin (,12 mg/L) (39). Moretti et al. (38) recently reported that iron status affected the relative bioavailability of ferric pyrophosphate, and that this phenomenon may extend to other poorly soluble iron compounds. The observation of Moretti and colleagues is somewhat difficult to evaluate because data from 2 studies with different meals and substantial differences in relative iron bioavailability were combined for a single correlation. Although only a few of the subjects in the present investigation had low serum ferritin, these data do not suggest any relation between iron status and another poorly soluble form, electrolytic iron. In the single instance in which such a relation approached significance (P ¼ 0.07 for serum ferritin vs. RBV with 3 mg iron dose, Fig. 3B ), identical meals with different subjects in the first 2 experiments (RBV without ascorbic acid in Fig.  1B and RBV without bran in Fig. 2B ) did not confirm any relation.
In conclusion, the low bioavailability of irradiated electrolytic iron suggests that irradiation is not a useful means of 
The legend for the 4 treatments is ordered from highest to lowest iron absorption. As in Figure 1 , iron absorption (n ¼ 25) was inversely related to serum ferritin, significantly fitting power curves for each meal. The power curves are linear when both axes are transformed logarithmically (see inset to A) with significant differences in intercepts, but not slopes of the lines. (B) Consistent with the similar slopes in (A), the bioavailability of iron relative to FeSO 4 was independent of iron status. However, the RBV of electrolytic iron was significantly lower when tested with the lower dose of iron (geometric means of 7 vs. 15%, P , 0.0001 by paired t test) because of the more substantial influence of dose on iron absorption from ferrous sulfate.
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at Calif State Univ-Northridge on November 25, 2006 jn.nutrition.org radiolabeling commercial iron powders, which also helps explain the low bioavailability observed in a previous similar study of irradiated carbonyl iron. Dietary factors that modify iron absorption, especially ascorbic acid and the iron dose administered, had a smaller effect on the absorption of this poorly bioavailable iron powder than on the absorption of ferrous sulfate. Elemental iron powders, although useful for avoiding oxidative reactions with adverse organoleptic effects in staple foods, are not only less bioavailable than more soluble ferrous iron salts, but their absorption is less likely to be enhanced by dietary modifiers such as ascorbic acid. These factors should be considered in designing food fortification programs to address national and international iron deficiency.
